ABSTRACT. To identify a gene responsible for the hooded phenotype in the rat, high-resolution linkage mapping for the hooded locus was performed using IS (non-hooded) and LEA (hooded) rats. The map revealed that only Kit gene existed in the critical region, suggesting that the Kit is a strong candidate gene. However, mutation was not found in the coding region of the LEA rat Kit gene. Further, the expressions of Kit mRNA were not different in fetal neural tubes and both neonatal and adult skins between IS and LEA rats. Furthermore, Kit-positive cells, possibly melanocytes, were found in the non-pigmented hair follicles of hooded phenotype rats. Several hypotheses are conceivable to account for mechanisms in the appearance of hooded phenotype.
, Osamu ICHII 2) , Ruihua DANG 1) , Takayuki OHNAKA 1) , Shinya OKANO 1) , Nobuya SASAKI 1) , Yasuhiro KON 2) and Takashi AGUI 1) The genetic studies of the coat color phenotype in rodents have been carried out for more than 100 years, because the coat color is visible and attractive phenotype. At present, more than 150 loci with nearly 1,000 different alleles are known to affect coat color in the mouse [3, 17, 25] . The hooded phenotype is one of the coat color phenotypes, which peculiarly seen in laboratory rats. The typical hooded phenotype shows pigmented hairs covering only head and mid-dorsal regions and non-pigmentation in the rest of body surface. However, extent of pigmented area varies due to some hooded alleles and hooded modifier genes [14, 15, 18] . Previously, we identified hooded modifier loci by quantitative trait loci analysis, some of which further show epistatic interaction with the hooded locus [23] . The hooded locus has been reported to show linkage to plasma protein markers, Gl-1, Gc protein, and albumin loci, all of which are now mapped to chromosome (Chr) 14 [10, 19, 20] . Therefore, the hooded locus is believed to locate on Chr 14. However, a gene responsible for the hooded locus is not yet identified.
Pigmentation of the hair is achieved with melanin granules secreted by melanocytes in the skin. Melanocytes are derived from neural crest cells and migrate through the skin in dorsal and caudal directions during embryogenesis [22] . There are many rodent mutants deficient in neural crest cell migration, all of which show non-pigmentation of the hair with loss of enteric ganglions and deafness, known as Waardenburg syndrome [12, 16, 21] . However, hooded phenotype is unique from the point showing non-pigmented hairs with normal development of enteric ganglions and auditory functions [13] . Therefore, studying the mechanism of generation of the hooded phenotype may provide new insight into the understanding of the mechanism of migration of neural crest cells and development of melanocytes.
To identify a gene responsible for the hooded phenotype we generated a high-resolution linkage map using IS, an inbred strain derived from Japanese feral rats and showing non-hooded phenotype, and LEA, an inbred strain possessing hooded allele. Both IS and LEA rats were provided from the National BioResource Project for Rat, Japan. Animals were maintained in specific pathogen-free conditions with feeding and drinking ad libitum. Animal experimentation protocol was approved by President of Hokkaido University through the judgment by Institutional Animal Care and Use Committee of Hokkaido University. For genetic analysis, 795 LEA  (LEA x IS)F 1 backcrossed progenies were generated and determined their phenotypes of homozygotes (h/h) or heterozygotes (H/h) based on their pigmented hair patterns and their microsatellite genotypes. None of the rat among 795 backcrossed progenies showed recombination between hooded/non-hooded phenotype and genotype of a microsatellite marker, D14Hok1 (forward primer: ggtaatgtctcctccaagcagg and reverse primer: gactcaaatgagtttcccaagg), which was originally developed in this study, indicating that the hooded locus locates very close to the D14Hok1 locus (Fig. 1A) . As shown in Fig. 1B , several genes were found to locate in the vicinity of the D14Hok1. Among them, only two genes, Kit and LOC679908, were disclosed to locate in the critical region between D14Rat84 and D14Got40 in NCBI Map Viewer database, RGSC v3.4. Because LOC679908 is a pseudogene, it is unlikely to be responsible for the hooded locus. When compared chromosomal regions showing homologous synteny among the rat, mouse, and human, 4 predicted genes are found to locate in this homologous region of the mouse genome based on the NCBI Map Viewer database, Build 37.1. However, little is known about the function of these genes. There is no gene found in this homologous region in human genome based on the NCBI Map Viewer database, Build 37.2. Thus, it is con-cluded that the Kit gene is a strong candidate responsible for the hooded locus. This conclusion is supported by previous reports, in which many alleles of Kit gene are shown to affect coat color phenotype by regulating melanoblast development in mice and rats [1, 5, 6, 9, 11] . Moreover, it has been reported that there is relationship between Kit mutation and coat color or white spotting in domestic horses [7] . We then examined the expression of Kit gene in the adult dorsal skin of both IS and LEA rats with RT-PCR. However, no quantitative and qualitative differences were observed (data not shown). We next compared nucleotide sequences of the Kit gene between IS and LEA rats and identified a G to C transversion in exon 2, which was, however, synonymous substitution (Fig. 1B) .
We expanded the examination of the Kit mRNA expression in developing stages, because it was considered that disorder of the Kit gene expression in developing stages might cause hooded phenotype. We first examined the expression of Kit mRNA in tissues containing neural tubes at embryonic day 10.5, when melanoblasts start delaminating from neural tube and migrating into dorsolateral pathway in the rat. Although the expression of Kit mRNA in LEA rats tended to be lower than that of IS rats, there was no significant difference between them ( Fig. 2A) . We then examined expression of Kit mRNA in the skin of postnatal rats. As shown in Fig. 2B upper panels, there was no difference in the expression of Kit mRNA at both dorsal and abdominal skins.
The rat Kit genomic DNA spans ~80 kb consisting of ~3 kb for the coding region. As we speculated that a mutation might be present in the promoter region so that the expression of the Kit mRNA might be altered. Thus, we sequenced 2 kb upstream of the exon 1 and compared sequences in the region showing homology among rat, mouse, and human, which were assumed to contain promoter region. However, we could not find any mutation between IS and LEA rats (data not shown). These results are consistent that we could not find difference in the Kit mRNA expression between IS and LEA rats. However, we cannot exclude a possibility that a mutation occurs in more upstream regions of hooded rats, which may regulate fine expression of the Kit gene at the embryonic stages or during periodic hair cycles after birth.
In the previous studies, non-pigmented pattern of hooded rats is due to the delay of melanoblast migration [24] and both melanin and melanocytes were not observed in the white spot of skin [2] . However, quantitative analysis showed that the Kit mRNA was expressed even in the nonpigmented skin. Because the Kit is one of the melanocyte markers, this result suggests that melanocytes may be present even in the non-pigmented skin in hooded rats. To address this possibility, the expression of Trp2 mRNA, another marker for melanocyes, was examined. As shown in Fig. 2B lower panes, Trp2 mRNA was expressed in the abdominal skin of LEA rats as well as that of IS rats, increasing the probability that melanocyts reside in the abdominal non-pigmented skin of the LEA rat.
In order to examine the location site where melanocytes reside in the LEA rat abdominal non-pigmented skin, we performed immunohistochemical examination for Kit and Schmorl's staining, specific staining for melanin, using adjacent tissue sections. Melanin was observed in both dorsal and abdominal skins of postnatal day 14 in IS rats as well as in dorsal skin of postnatal day 14 in LEA rats, whereas melanin was not observed in abdominal skin of LEA rats as expected (Fig. 3 lower panels) . Kit-positive cells were detected in dorsal and abdominal skin of IS rats in agreement with the result of Schmorl's melanin staining (Fig. 3) . However, Kit-positive cells were observed in both dorsal and abdominal skins of LEA rats, in disagreement with the result of Schmorl's staining (Fig. 3) . These results indicate that melanocytes are present even in non-pigmented hair follicles of LEA rats, suggesting that melanocytes residing non-pigmented hair follicles are impaired to synthesize melanin by certain mechanism in LEA rats. Thus, results shown in this study provide a mysterious conclusion. Genetic analysis reveals that the Kit gene is a strong candidate responsible for the hooded locus. However, no mutation was found in the coding region of the Kit gene. Further, expression of the Kit mRNA was normal from embryo through adult tissues in hooded rats. Further- more, Kit-positive melanocytes were found even in non-pigmented hair follicles of hooded rats. Although we cannot exclude the possibility that a new gene responsible for the hooded locus will be found in the critical region, if we assume that the Kit gene is responsible, there are three conceivable hypotheses to account for our results. 1) A truncated Kit product or a soluble form of Kit is synthesized and plays a role as decoy by binding Kit ligands, because it is reported that exon skipping in the Kit gene or production of soluble form of the Kit influences the melanogenesis in the horse or human, respectively [4, 8] . However, this hypothesis is unlikely, because there were no quantitative and qualitative differences in any RT-PCR products, when Kit cDNA was amplified as 6-devided fragments (data not shown). 2) Although whole expression of the Kit mRNA in the non-pigmented skin of LEA rats is not different from that of IS rats, timing of the Kit expression in the periodic hair regenerating cycles might be disordered due to a hidden mutation in the upstream of the promoter region, intron, or downstream of the Kit gene.
3) The timing of Kit expression might also be disordered in early embryonic stages due to a hidden mutation as described above. This expression disorder might be compensated by other factors promoting the migration of neural crest cells and development of melanocytes such as endothelin 3, type B endothelin receptor, Ret, Sox10 etc., leading to normal migration and development of melanocytes. However, timing disorder in Kit expression at early embryonic stages might remain mal-effect on the function of melanocytes after their differentiation. Disorder in the Kit expression and substantial mutation of the Kit gene remain unknown, but should be resolved in future investigation.
